(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 
International Bureau 

(43) International Publication Date 
17 June 2004 (17.06.2004) 




IDIIIIIilll 


111 


11 


mini 


linn 


in 


limn 


linn 


muni 



PCT 



(10) International Publication Number 

WO 2004/051332 Al 



(51) International Patent Classification 7 : 
6/22, I104B 10/18 



G02B 6/16, 



(21) International Application Number: 

FCT/US2003/D36585 

(22) International Filing Date: 

1 4 November 2003 (14.11 .2003) 



(25) Filing Language: 

(26) Publication Language: 
(30) Priority Data: 



English 
English 



10/306,370 



27 November 2002 (27.1 1 .2002) US 



(71) Applicant: CORNING INCORPORATED [US/US]; 1 
Riverfront Plaza, Corning, NY 14831 (US). 

(72) Inventor: ZHANG, Lu; 29 Tall Meadow, Painted Post, 
NY 14870 (US). 

(74) Agent: WAYLAND, Randall, S.; Corning Incorporated, 
SPTI 3 1, Corning, NY 14831 (US). 



(81) Designated States (national): AH, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CI L CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, HE, EG, 1LS, 11, GB, GD, Gli, 
Gil, GM, MR, IIU, ID, 1L, IN, IS, JP, KE, KG, KP, KR, 
KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, 
MN, MW, MX, MZ, NI, NO, NZ, OM, PG, PI], PL, PT, 
RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, 

rr, rz, ua, ug, uz, vc, vn, yu, za, zm, zw. 

(84) Designated States (regional): European patent (AT, BE, 
BG, CI I, CY, CZ, DE, DK, EE, ES, El, FR, GB, GR, ITU, 

ie, rr, lu, mc, nl, pt, ro, se, si, sk, tr). 

Published: 

— with international search report 

— before the expiration of the tirne limit for amending the 
claims and to be republisfied in the event of receipt of 
amendments 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: DISPERSION COMPENSATING OPTICAL FIBER FOR SMF AND TRANSMISSION LINK INCLUDING SAME 



m 

o 




28 

z. 



COMPONENT 
B 



(57) Abstract: A DCF for compensating for the accumulated dispersion of a length of SMF in the C+L band window that includes a 
core surrounded by a cladding layer of refractive index Ac. The core includes al lcasl three radially adjaccnl segments; a central core 
segment having a positive A 1, a moat segment having a negative refractive index A2, and a ring segment having a positive refractive 
index A3, wherein Al > A3 > Ac > A2. The DCF cxhibiLs a negative dispersion slope of between -0.29 and -0.43 ps/nm 2 /km 
al 1575 nm, and a total dispersion less than -96 and greater than -108 ps/nm/km al 1575 nm. A transmission link including the 
combination of a SMI ; and the present invention DCF is also disclosed. 
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DISPERSION COMPENSATING OPTICAL FIBER FOR SMF 

AND 

TRANSMISSION LINK INCLUDING SAME 
Background Of The Invention 
Field of the Invention 

[0001] The present invention relates to optical fibers and transmission links for wavelength 
division multiplexing (WDM) systems, and more particularly to dispersion compensating 
optical fibers and transmission links including such fibers that have negative dispersions 
within an operating window and are particularly well suited for compensating dispersion of 
single mode fibers. 

Technical Background 
[0002] To meet the ongoing drive for more bandwidth at lower costs, telecommunications 
system designers are turning to high channel count dense wavelength division multiplexing 
(DWDM) architectures, longer reach systems and higher transmission bit rates. This 
evolution makes chromatic dispersion management critical to system performance, as system 
designers now desire the ability to accurately compensate dispersion across entire channel 
plans. Today, the only viable broadband commercial technology to battle dispersion has been 
Dispersion Compensating Modules (DCMs), i.e., spools having a suitable length of 
Dispersion Compensating Fiber (DCF) wound thereon. As DWDM deplojments increase to 
16, 32, 40 and more channels, broadband dispersion compensating products are even more 
desirable. Many current telecommunications systems have Single Mode Fibers (SMFs) that, 
although they are optimized for zero dispersion at about 1310 nm, can also be utilized 
effectively to transmit signals at wavelengths around 1550 nm. This enables erbium-doped 
fiber amplifiers to be employed. An example of such a SMF is SMF-28® manufactured by 
Coining Incorporated. Prior Art Fig. 2 illustrates the refractive index profile for such a 
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SMF. Typically, such fibers are referred to as standard single mode fibers or step index 
single mode fibers and exhibit a dispersion of about 17 ps/nm/km and a dispersion slope of 
about 0.058 ps/nm 2 /km at 1550 m 

[0003] With continuing interest in higher bit rate systems (> 10 Gbs), broadband, long reach 
systems (e.g., > 500 km) and optical networking, it is imperative to use DCFs in networks 
that carry data on SMF as well. High bit rates, longer reaches and wider bandwidths require 
dispersion to be compensated for more exactly. 

[0004] Consequently, it is desirable for the DCF to have dispersion characteristics such that 
its dispersion is matched to that of the SMF transmission fiber it is required to compensate at 
the wavelength window of interest. The ratio of dispersion to dispersion slope at a given 
wavelength is referred to as "kappa (k)." Kappa changes as a function of wavelength for a 
given transmission fiber. Hence, it is equally important that the kappa value of the DCF is 
closely matched to that of the transmission fiber in the operating window. 
[0005] It would be desirable to develop alternative DCFs, in particular, ones having the 
ability to compensate for dispersion of SMF over a wide wavelength band around 1575 nm, 
and in particular over the C and L bands (from about 1525 to 1625 nm). 

Summary Of The Invention 
[0006] The present invention is a dispersion compensating optical fiber which preferably 
exhibits negative dispersion and negative dispersion slope at 1575 nm and which is designed 
to compensate for dispersion of a SMF over the C+L operating wavelength bands thereby 
providing broadband dispersion compensation. 

[0007] The dispersion compensating fiber in accordance with the present invention comprises 
a refractive index profile with a central core segment having a positive relative refractive 
index Al, a moat segment surrounding the central core segment having negative relative 
refractive index A2, and a ring segment which surrounds the moat segment having a positive 
relative refractive index A3, wherein Al > A3 > A2, 
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(n 2 —n 2 } 

and where A is defined as: A(%) = ^ • 1 00 

2n c 2 

where 

n c is the refractive index of the cladding, and 

nj is the refractive index of the segment of interest. 

[0008] The dispersion compensating fiber in accordance with a first embodiment of the 
invention preferably exhibits a refractive index profile that results in a negative dispersion 
slope of less than -0.29 and greater than -0.43 ps/nm 2 /km at a wavelength of 1575 nm; more 
preferably less than -0.32 and greater than -0.39 ps/nm 2 /km km at a wavelength of 1575 nm, 
a negative dispersion of less than -96 and greater than -109 ps/nm/km at a wavelength of 
1575 nm; more preferably less than -102 and greater than -108 ps/nm/km at a wavelength of 
1575 nm. The kappa value, defined as the dispersion at 1575 nm divided by the dispersion 
slope at 1575 nm, is preferably in the range between of 272 to 332 nm; more preferably 
between 285 and 315 nm. The dispersion compensating fiber preferably has a cladding layer 
surrounding the ring segment having a relative refractive index Ac, wherein Al > A3 > Ac> 
A2. 

[0009] In accordance with further embodiments of the invention, the dispersion compensating 
fiber exhibits a refractive index profile that results in a dispersion slope of less than -0.32 and 
greater than -0.39 ps/nm 2 /km at a wavelength of 1575 nm, and a negative dispersion of 
between -102 and -108 ps/nm/km at a wavelength of 1575 nm. 

[0010] Advantageously, the theoretical cutoff wavelength (A*) of the dispersion compensating 
fiber is preferably less than 1700 nm. 

[0011] In accordance with embodiments of the dispersion compensating fiber of the present 
invention, the peak delta Al of the central core segment is greater than 1.7% and less than 
2.0%. The lowest delta A2 of the moat segment is less than -0.2% and greater than -0.6%. 
The peak delta A3 of the ring segment is greater than 0.2% and less than 0.5%. 
[0012] In accordance with embodiments of the invention, the dispersion compensating optical 
fiber has an outer radius t } of the central core segment between 1 .7 and 2.0 microns; an outer 
radius r 2 of the moat segment between 3.5 and 4.5 microns; and a center radius r 3 of the ring 
segment between 5.0 and 8.0 microns. 
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[0013] The dispersion compensating fiber preferably exhibits a pin array bend loss that is less 
than 20 dB at 1575 nm. Low bend loss is important in DCPs as it allows for compact 
packaging in the dispersion compensating module and helps to keep the total link attenuation 
low. 

[0014] In accordance with other embodiments of the invention, an optical fiber transmission 
link is provided comprising a length of SMF having a dispersion zero in a wavelength range 
of between about 1290 nm to 1320 nm and having a dispersion at 1575 nm of between about 
13 and 21 ps/nm/km; and a length of dispersion compensating fiber as described herein 
having a dispersion value between —96 and -108 at 1575 nm optically coupled to the SMF 
wherein within a transmission band of between 1525 nm to 1625 nm the transmission link 
exhibits a high-to-low residual dispersion less than about 0.3 ps/km/nm. Preferably, the 
length of SMF is greater than 5 times the length of the length of dispersion compensating 
fiber. 

[0015] Additional features and advantages of the invention will be set forth in the detailed 
description which follows, and will be readily apparent to those skilled in the art from that 
description or recognized by practicing the invention as described herein, including the 
detailed description which follows, the claims, as well as the appended drawings. 
[0016] It is to be understood that both the foregoing general description and the following 
detailed description are merely exemplary of the invention, and are intended to provide an 
overview or framework for understanding the nature and character of the invention as it is 
claimed. The accompanying drawings are included to provide a further understanding of the 
invention, and are incorporated in and constitute a part of this specification. The drawings 
illustrate various embodiments of the invention, and together with the description serve to 
explain the principles and operation of the invention. 
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Brief Description of the Drawings 
[0017] Fig. 1 illustrates a transmission link including the dispersion compensating fiber in 
accordance with the invention. 

[0018] Fig. 2 illustrates a refractive index profile of a SMF in accordance with the Prior Art. 
[0019] Fig. 3 illustrates a sectioned perspective view of the dispersion compensating fiber in 
accordance with the invention. 

[0020] Fig. 4 illustrates a refractive index profile of a dispersion compensating fiber in 
accordance with the present invention. 

[0021] Figs. 5 and 6 illustrate refractive index profiles of other embodiments of dispersion 
compensating fiber in accordance with the present invention. 

[0022] Fig. 7 illustrates a plot of dispersion over the wavelength window of the exemplary 
embodiments of dispersion compensating fiber in accordance with the present invention. 
[0023] Fig. 8 illustrates a plot of dispersion slope over the wavelength window of the 
exemplary embodiments of dispersion compensating fiber in accordance with the present 
invention. 

[0024] Fig. 9 illustrates a plot of kappa over the wavelength window of the exemplary 
embodiments of dispersion compensating fiber in accordance with the present invention. 
[0025] Fig. 10 is a plot illustrating residual dispersion in a transmission link including a 
combinations of dispersion compensating fiber and SMF in accordance with embodiments of 
present invention. 
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Detailed Description of the Invention 
[0026] Reference will now be made in detail to the present preferred embodiments of the 
invention, an example of which is illustrated in the accompanying drawings. Wherever 
possible, the same reference numbers will be used throughout the drawings to refer to the 
same or like parts. Drawings should not be construed to be to scale. An exemplary 
embodiment of a transmission link including the dispersion compensating fiber in accordance 
with the present invention is shown in Fig. 1 . 

[0027] The transmission link 20 includes a length of SMF 22 being substantially single 
moded in operation at 1575 nm and having a positive dispersion of between about 13 and 21 
ps/nm/km, no m i n ally about 1 8 ps/nm/km, and positive dispersion slope of between about 
0.04 and 0.07 ps/nm 2 /km at 1575 nm, nominally about 0.057 ps/nm 2 /km at 1575 nm. The 
SMF preferably has a kappa at 1575 nm of about 318 nm. Preferably, the SMF 22 exhibits a 
step index shape as shown in Fig. 2, for example and has a zero dispersion wavelength at 
between about 1290 and 1320 nm. The link 20 also includes a length of dispersion 
compensating fiber 24 in accordance with the invention which has a geometry and core 
refractive index profile as shown in any of the exemplary embodiments of Figs. 4-6, 
respectively. 

[0028] As shown in Fig. 3 the dispersion compensating fiber 24 has a central cylindrical core 
segment 30 extending along the center of the fiber, the central core segment having a positive 
relative refractive index Al (see Fig. 4); an annular moat segment 32 surrounding and 
abutting the central core segment 30 that has a negative relative refractive index A2 (Fig. 4); 
and an annular ring segment 34 abutting and surrounding the moat segment 32 having a 
positive relative refractive index A3 (Fig.4). In particular, the shape of the refractive index 
profile of the dispersion compensating fiber is such that Al > A3 > A2 as best shown in the 
exemplary embodiments of Figs. 4-6. 

[0029] The dispersion compensating fiber 24 in accordance with embodiments of the present 
invention, has a core refractive index profile as shown in Figs. 4-6 that results in a fiber 
exhibiting a negative dispersion slope of less than -0.29 ps/nm 2 /km and greater than -0.43 
ps/nm /km at a wavelength of 1575 nm, and a negative dispersion of less than -96 ps/nm/km 
and greater than -108 ps/nm/km at a wavelength of 1575 nm. More preferably, the dispersion 
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slope at 1575 nm is less than -032 ps/nm 2 /km and greater than -0.39 ps/nm 2 /km. As shown 
in the embodiment of Fig. 4, the dispersion at 1575 nm is preferably less than -96 and greater 
than -108 ps/nm/km; and most preferably less than -102 and greater than -108 ps/nm/kmat 
1575 nm. This dispersion compensating fiber's attributes are ideal for compensating 
dispersion as well as dispersion slope within a transmission link including a length of SMF 
operating across the C and L bands (1525 nm to 1625 nm). Most preferably, the dispersion 
compensating fiber 24 exhibits a kappa value (k), defined as the Dispersion (D) at 1575 nm 
divided by the dispersion slope (DS) at 1575 (i.e., a D/DS), of between about 272 and 332 
nm. As can be seen in Fig. 3, the fiber 24 also preferably includes an annular cladding layer 
36 having a relative refractive index Ac that surrounds and abuts the ring segment 34. In 
particular, the cladding is preferably pure silica and the refractive index profile of the fiber 24 
is such that Al > A3 > Ac > A2. 

[0030] Again referring to Fig. 4, the refractive index profile of the dispersion compensating 
fiber 24 has an up-doped central core segment 30 having peak Al and an alpha profile having 
an alpha of between about L5 and 5.0. The core segment 30 is surrounded by a down-doped 
moat segment 32 having peak negative A2, which is, in turn, surrounded by an up-doped 
annular ring segment 34 having peak A3. All of the aforementioned segments of the physical 
core are surrounded by the preferably pure silica cladding layer 36 and a protective polymer 
coating 38 (Fig. 3), such as a urethane acrylate. The coating 38 preferably includes a primary 
and secondary coating portions of lower and higher modulus, respectively, as is conventional. 
Preferably, core and ring segments, 30 and 34, are formed using suitable amounts of 
germania-doped Si0 2 , although other forms of index refraction increasing dopants could also 
be employed to achieve the fibers disclosed herein, so long as the same general refractive 
index profile is achieved. Likewise, whereas moat segment 32 is preferably formed using 
fluorine-doped Si0 2 , other index of refraction decreasing dopants could be employed besides 
fluorine. As mentioned above, the cladding layer 36 is preferably formed of pure silica. 
However, the cladding region 36 may also include index of refraction increasing or 
decreasing in dopants, as needed, so long as the relative A versus radius relationship 
illustrated in Fig. 4 is maintained. The dimension conventions used for defining Rl, R2 and 
R3 and Al, A2 and A3 in Fig. 4 are also equally applicable to Figs. 5 and 6 herein, although 
they have not been shown in those figures for clarity purposes. 
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[0031] In all the embodiments of the dispersion compensating fiber 24 illustrated in Figs. 4-6 
herein, Al is preferably greater than 1.7% and less than 2.0% and comprises an outer radius 
Ri (in Fig. 4, Ri is drawn to the point where the profile intersects the zero delta axis 37) of 
between about 1.7 and 2.0 microns. A2 is preferably less than -0.2% and greater than -0.6%, 
and the moat segment 32 has an outer radius R 2 which ranges between about 3.5 and 4.5 
microns. According to the invention, A3 of the ring segment 34 is greater than 0.2% and less 
than 0.5%, and the ring segment has a center radius R 3 (as measured from a center of a line 
interconnecting the half height points of the segment) of between 5 to 8 microns. 
[0032] Most preferably, the central core segment 30 has an alpha profile shape with an alpha 
of less than about 5 (and preferably about 1.8), a Al of between about 1.8 and 2.0 %, an outer 
radius R x between 1.7 to 1.8 microns. The moat segment 32 more preferably has a A2 of 
between about -0.35% and -0.6%, and an outer radius r 2 between about 3.3 and 4.1 microns. 
The annular ring segment 34 preferably exhibits a A3 greater than 0.2% and less than 0.4% 
and a center radius of 5 to 8 microns, and a half-height width of greater than 1 .0 micron. 
[0033] The dispersion compensating fibers made in accordance with the invention preferably 
exhibit a theoretical (modeled) fiber cut off wavelength (Xc) which is less than about 1700 
nm. Consequently, the fibers disclosed herein should have an actual cutoff of less than about 
1500 nm and are, therefore, desirably single moded in operation from 1525 to 1625 nm. 
[0034] It should be noted that the fibers disclosed herein do not necessarily have to be 
employed only in dispersion compensating modules, and instead the fibers could be employed 
in dispersion compensating fiber cables (rather than enclosed modules - typically box-like 
enclosures). 

[0035] In preferred embodiments, the dispersion compensating optical fibers disclosed herein 
are deployed in such dispersion compensating modules wherein the fiber is wound around a 
hub of a multi-flanged spool. Preferably the hub is cylindrical, and has a diameter of less than 
about 12 inches, more preferably less than about 10 inches, and most preferably less than 
about 6 inches, and the length of fiber deployed therein is typically greater than 1 km. In 
accordance with an embodiment of the invention, when used in a transmission link, the ratio 
of the length of the SMF to the length of dispersion compensating fiber is preferably greater 
than 5:1. In the transmission link shown in Fig. 1, the ratio is between about 5.29:1 and 
5.95:1. By way of clarification, there was 100 km of SMF 22 and between about 16.81 and 
18.91 km of DCF 24. 
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Examples 

[0036] The invention will be further illustrated by the following examples which are meant to 
be illustrative of the invention. Examples 1-3 are shown in Table 1, and correspond to the 
refractive index profiles shown in Figs. 4-6, respectively. 

Table 1 

Ex Al Ri A2 R 2 A3 Rs D D slopc Aeff Pin k cutoff 

#0/^0/ ^ m o/ ^ m @ 1575 @ 1575 @1575 Amy @ 1575 tk 

~ ^4 L80 3l 4.10 .34 5.6 ^98 ^033 193. 5& 301 LSsFT 

2 1.95 1.72 -.50 3.52 .25 7.5 -107 -0.37 18.7 4.9 293 1677 

3 1.84 1.76 -.39 4.06 .24 6.7 -106 -0.35 20.6 15.4 300 1634 

[0037] The fibers described in accordance with the invention herein have excellent utility as 
dispersion compensating fibers for operation in the C+L bands to compensate for the 
dispersion created in optical communications systems which employ SMF fiber having a zero 
dispersion wavelength between 1290 and 1320 nm, for example SMF-28® or SMF-28e™ 
manufactured by Corning Incorporated. 

[0038] Consequently, in the embodiment of Fig. 1 that is optimized to enable broadband 
dispersion compensation for SMF across the C +L band, a dispersion compensating fiber such 
as Example 1 may be employed to compensate for dispersion across the C+L band (1525 to 
1625 nm). Such optical communications links 20, as exemplified by Fig. 1, typically consists 
of, for example, at least a signal component 26, such as a transmitter or amplifier and second 
component 28, such as a signal receiver or amplifier, and one or more amplifiers or band pass 
filters that optically interconnect the SMF and DCF (shown collectively as block 27) over the 
path of communication. Of course, systems including two way communication are 
contemplated, as well. 

[0039] The attributes (dispersion, dispersion slope and kappa) across the desired wavelength 
band for each of the exemplary embodiments of the invention are shown in Figs. 7-9, 
respectively. For example, the first exemplary embodiment (example 1) is designated as 38, 
Hie second as 40 and the third as 42. A dispersion plot for the exemplary dispersion 
compensating fibers over the preferred operating wavelenth range (1525 to 1625 nm) is 
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shown in Fig. 7. Likewise, dispersion slope plots are illustrated in Fig. 8 over the C (1525- 
1575) and L (1575-1625) bands. Fig. 9 illustrates kappa as a function of wavelength for the 
exemplary embodiments of DC fibers. 

[0040] Fig. 10 illustrates the high-to-low residual dispersion as a function of wavelength 
while using the dispersion compensating fibers of Examples 1-3 in the C+L band. As can be 
seen the high-to-low value (from the highest point on each plot to the lowest point on the 
same plot), as designated by 44, of residual dispersion across the C+L band is less than 0.3 
ps/nm/km; more preferably less than 0.25 ps/nm/km. The plot illustrates that the dispersion 
compensating fiber 24 in accordance with the invention nicely compensates for the dispersion 
of SMF 22 in the link 20 (Fig. 1) over the entire C+L band window. 

[0041] The dispersion compensating fibers 24 in accordance with embodiments the invention 
described herein are preferably manufactured utilizing standard OVD methods. The core 
segment 30 is formed by depositing germania-doped silica soot onto a tapered rotating 
alumina mandrel. The mandrel is then removed and the soot preform is consolidated in a 
furnace into a transparent consolidated preform. The consolidated preform is then drawn in a 
redraw furnace into core cane (slender rod) while simultaneously closing the centerline 
aperture under a vacuum. A segment of the core cane is placed back into a lathe and further 
silica soot is deposited thereon by an OVD method. The soot laden core cane is then doped 
with fluorine in a consolidation furnace introducing SiF 4 gas therein sufficient to form the 
moat Subsequently, the fluorinated soot preform is fully consolidated thereby forming the 
fluorine doped moat region in the blank corresponding to moat segment 32. The consolidated 
blank is again redrawn into a core cane and additional germania-doped soot is applied by 
OVD thereon to form the region corresponding to the ring segment 34. The soot laden cane is 
again consolidated an redrawn into a core cane as before mentioned. It should be recognized 
that this core cane now includes regions corresponding to the core, moat and ring segments. 
Finally silica soot, corresponding to the cladding 36, is applied onto the core cane by an OVD 
method and the soot laden cane is again consolidated. This forms the final consolidated 
preform from which fiber will be drawn. The preform is then transferred to a draw furnace 
where the dispersion compensating optical fiber is drawn therefrom using conventional 
techniques. 

[0042] It will be apparent to those skilled in the art that various modifications and variations 
can be made to the present invention without departing from the spirit and scope of the 
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invention. Thus, it is intended that the present invention covers the modifications and 
variations of this invention provided they come within the scope of the appended claims and 
their equivalents. 
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Claims 

What is claimed is: 

1 . A dispersion compensating optical fiber, comprising: 
a refractive index profile having 

a central core segment with a positive relative refractive index Al , 

a moat segment surrounding the central core segment having negative relative 

refractive index A2, and 

a ring segment surrounding the moat segment having a positive relative refractive 
index A3, wherein Al > A3 > A2, 
the refractive index profile resulting in 

a dispersion slope of less t ha n -0.43 ps/nm 2 /km and greater than -0.29 ps/nm 2 /km at 
1575 nm; and 

a dispersion more negative than -96 ps/nm/km and less negative than -108 ps/nm/km 
at 1575 nm. 

2. The optical fiber of claim 1 further comprising a kappa value, defined as the dispersion at 
1575 nm divided by the dispersion slope at 1575 nm, of between 272 and 332 nm. 

3. The optical fiber of claim 1 further comprising a cladding layer having a relative refractive 
index Ac surrounding the ring segment, wherein Al > A3 > Ac> A2. 

4. The optical fiber of claim 1 wherein the dispersion slope less than -0.32 ps/nm 2 /km and 
greater than -0.39 ps/nm 2 /km,at 1575 nm. 

5. The optical fiber of claim 1 wherein the dispersion is between -102 ps/nm/km and -108 
ps/nm/km at 1575 nm. 

6. The optical fiber of claim 1 further comprising a theoretical cutoff wavelength (A*) is less 
than 1700 nm. 



BNSDOCID: <WO 2004O51332A1J > 



WO 2004/051332 

13 

7. The optical fiber of claim 1 wherein Al is greater than 1.7% and less than 2.0%. 

8. The optical fiber of claim 1 wherein A2 is less than -0.2% and greater than 
-0.6%. 

9. The optical fiber of claim 1 wherein A3 is greater than 0.2% and less than 0.5%. 

10. The optical fiber of claim 1 further comprising: 

an outer radius n of the central core segment is between 1 .7 and 2 microns; 
an outer radius r 2 of the moat segment is between 3.5 and 4.5 microns; and 
a center radius r 3 of the ring segment is between 5 and 8 microns. 

1 1 . The optical fiber of claim 1 0 wherein 

Al is greater than 1.7% and less than 2.0%, 

A2 is less than -0.2% and greater than -0.6%, and 

A3 is greater than 0.2% and less than 0.5%. 

12. The optical fiber of claim 1 wherein an effective area (Aeff) is greater than about 18.5 
square microns at 1575 nm. 

13. The optical fiber of claim 1 further comprising a theoretical pin array bend loss less than 
25 dBat 1575 nm. 
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14. An optical fiber transmission link including the dispersion compensating fiber of claim 1, 
further comprising: 

a length of SMF having a zero dispersion wavelength in a wavelength range of 
between about 1290 nm to 1320 nm and a dispersion between about 13 and 21 ps/nm/km at 
1575 nm wherein for a transmission band between 1525 nm to 1625 nm the link exhibits 
high-to-low residual dispersion less than 0.3 ps/km/nm. 

15. The transmission link of claim 14 wherein the length of SMF is greater than 5 times a 
length of the dispersion compensating fiber. 

16. A dispersion compensating optical fiber, comprising: 
a refractive index profile having 

a central core segment with a positive relative refractive index Al greater than 1.7% 
and less than 2.0%, 

a moat segment surrounding the central core segment having negative relative 
refractive index A2 less than -0.2% and greater than -0.6%, 

a ring segment surrounding the moat segment having a positive relative refractive 
index A3 greater than 0.2% and less than 0.5%, and 

a cladding layer having a relative refractive index Ac surrounding the ring segment, 
wherein Al > A3 > Ac > A2, 
the refractive index profile resulting in 

a dispersion slope less than -0.32 ps/nm 2 /km and greater than -0.39 ps/nm 2 /km at 1 575 
nm; 

a dispersion less than -102 ps/nm/km and greater than -108 ps/nm/km at 1575 nm, 
and 

a kappa value, defined as the dispersion at 1575 nm divided by the dispersion slope at 
1575 nm, of between 272 and 332 nm. 



BNSDOCID: <WO 200405 1 33 2A1J_> 



WO 2004/051332 



PCT/US2003/036585 



15 

17. A dispersion compensating optical fiber, comprising: 
a refractive index profile having 

a central core segment with a positive relative refractive index Al. greater than 1.7% 
and less than 2.0% wherein an outer radius n of the central core segment is between 1.7 and 
2.0 microns, 

a moat segment surrounding the central core segment having negative relative 
refractive index A2 less than -0.2% and greater than -0.6% wherein an outer radius r 2 of the 
moat segment is between 3 .5 and 4.5 microns, 

a ring segment surrounding the moat segment having a positive relative refractive 
index A3 greater than 0.2% and less than 0.5% wherein a center radius r 3 of the ring segment 
is between 5 and 8 microns, and 

a cladding layer having a relative refractive index Ac surrounding the ring segment, 
wherein Al > A3 > Ac > A2, 
the refractive index profile resulting in 

a dispersion slope less than -0.32 ps/nm 2 /km and greater than -0.39 ps/nm 2 /km at 1575 
nm; 

a dispersion less than -102 ps/nm/km and greater than -108 ps/nm/km at 1575 nm, 
and 

a kappa value, defined as the dispersion at 1575 nm divided by the dispersion slope at 
1575 nm, of between 272 and 332 nm. 
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FIG. 7 
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